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INTRODUCTION
In nature, many proteins function exclusively in one subcellular compartment or another. Therefore, tight regulation of protein subcellular location provides a way for cells to control protein function in the complex cellular milieu. Much work in the past decade has focused on discovering, defining, and utilizing signal sequences for regulating protein location in cells (1, 2) . Subcloning allows the addition or removal of signal sequences to known proteins for altered location and function (1, 3, 4) . For example, we have shown that it is now possible to send the normally oncogenic protein Bcr-Abl, the causative agent in chronic myelogenous leukemia, to the nucleus, where it instead acts as an apoptotic factor (5) . We also have shown that targeting p53 (a tumor suppressor) or c-Abl (a proto-oncogene) to the mitochondria can cause apoptosis (6, 7) . Our laboratory has also pioneered the concept of the "protein switch" where the location of a cytoplasmic protein can be made nuclear in a ligand-dependent fashion (3, 4) . We were also interested in creating different kinds of protein switches that would be capable of capturing active proteins and sequestering them into other subcellular compartments, rendering them inactive. This paper, to our knowledge, is the first to describe a protein switch capable of translocating from the nucleus or cytoplasm (or both) to an insoluble cytoskeletal fraction. This protein switch utilizes a version of the estrogen receptor ligand-binding domain (ERLBD) that is exclusively responsive to fulvestrant, a non-natural ligand that can be used for exquisite regulation of the protein location in the cell. We provide proof of concept of dysregulation of an active peptide (8) whose function is altered when triggered to the cytoskeletal fraction upon addition of ligand. The ERLBD is derived from the estrogen receptor (ER), a member of the steroid hormone nuclear receptor (SHR) family (9) . SHRs have an N-terminal activation domain, a central DNA binding domain, and a C-terminal ligand binding domain (LBD) (10) . As with other steroid receptors, ER functions as a transcription factor when bound to its cognate agonist by dissociating from chaperone proteins and binding target DNA or other proteins involved in gene transcription (11, 12) . The stability of the ER has been shown to be dependent upon the ligand to which it is bound (13) . In addition to activating gene transcription through the activation function domains, the endogenous ligand estradiol (E2) destabilizes ER levels by increasing proteasomal degradation and receptor turnover. The drug tamoxifen (one of the members of the selective estrogen receptor modulators, or SERMs) is a partial agonist at the ER, but also acts to stabilize the receptor. Fulvestrant (ICI 182,780, Faslodex®) is a member of the selective estrogen receptor down-regulators (SERDs) which act to disrupt the typical nucleocytoplasmic shuttling of ERα and result in cytoplasmic accumulation in a protein-synthesis dependent process (14, 15) . Fulvestrant is a clinically useful antiestrogen that prevents transcriptional activation and rapidly degrades ERα (13, 14, (16) (17) (18) (19) (20) (21) (22) . The bulky side chain of fulvestrant induces a conformational change of helix 12 within ERα's LBD that increases hydrophobicity (23, 24) . Lupien et al. suggest receptor insolubility follows antagonist binding, mediated by hydrophobic residues L356, L540, and M543 residing in the helix 12 of the LBD (25) . In HepG2 cells, the disappearance of the estrogen receptor after fulvestrant treatment appears to be caused by failure to extract the insoluble ER aggregates, though in MCF-7 cells receptor insolubility and degradation was observed. Long et al.
speculate that the degradation of ER in the presence of fulvestrant is due to cytokeratins 8 and 18, which facilitate proteasomal degradation of ERα (19) . Proteasomal degradation of ERα requires a functional helix 12 (19) , and an active transcriptional activation complex (26) (27) (28) . Removal of activation domains also prevents transactivation in the presence of receptor agonists, such as 17ß-estradiol. Cytokeratins 8 and 18 are the primary intermediate filaments of single-layer epithelial cells, and play a variety of roles including cell-cycle regulation, protection from cell stress and apoptosis (see Moll et al. and references within) (29) . Unsurprisingly, these filaments may be useful in diagnostic immunohistochemistry, and may also be involved in the oncogensis of cutaneous squamous cell carcinoma (30) , and may confer a favorable prognosis in breast carcinomas, likely due to the facilitation of ERα degradation in ER + tumors (19, 31, 32) .
A GFP fusion protein with the ligand-binding domain of ER (ERLBD) was utilized to target the insoluble cytoskeletal fraction when bound to fulvestrant. The role of cytokeratins 8 and 18 in ERLBD cytoskeletal targeting is also examined. We show that fusing either a nuclear localization signal (NLS) or nuclear export signal (NES) to ERLBD can confer subcellular compartment specificity, thus allowing the ERLBD cytoskeleton interaction to occur either in the cytoplasm or nucleus. We also present an example of a protein capable of being sequestered in the insoluble fraction via the ERLBD, rendering it inactive.
MATERIALS AND METHODS
Cell Culture
The murine breast adenocarcinoma cell line 1471.1 (a kind gift from G. Hager, NCI, NIH) and human ovarian carcinoma cell line A2780 (Sigma Aldrich, St. Louis, MO) were grown as monolayers in DMEM (Invitrogen, Grand Island, NY) supplemented with 10% FBS (Invitrogen), 1% penicillin-streptomycin-L-glutamine (Invitrogen), 0.1% gentamicin (Invitrogen). Human breast adenocarcinoma MCF-7 cells (ATCC, Manassas, VA) were grown in monolayer in RPMI media (Invitrogen) supplemented as above, with the addition of insulin 4 mg/L (Sigma Aldrich). Monkey kidney fibroblast COS-7 cells were cultured as monolayer in RPMI media with antibiotic supplements. All cells were maintained in 5% CO 2 incubator at 37°C.
Plasmid Construction
A plasmid containing the ligand-binding domain of the human estrogen receptor α (amino acids 302 to 553, ERLBD) was a kind gift from Carolyn Smith (Baylor College of Medicine). To subclone ERLBD into the multiple cloning site (MCS) of EGFP-C1, a KpnI restriction site was introduced before the ERLBD by site-directed mutagenesis with top primer 5'-GGACAAGGCCAGGCTG TTCTTCTTAGAGGTACCAC-CGGATCTAGATAAC TGATC-3' and bottom primer 5'-GATCAGTTATCTA GATCCGGTGGTACCTCTAAGAAGAACAGCCT GGCCTTGTCC-3'. The KpnI digested ERLBD fragment was subcloned into the KpnI site of EGFP-C1 resulting in EGFP-ERLBD. Sequence analysis (at the University of Utah Core DNA Sequencing Facility) verified successful cloning.
To create EGFP-NLS-ERLBD, the NLS sequence from SV40 large T-antigen was placed between BspEI and XhoI sites. The oligonucleotides containing the NLS sequence were synthesized by the core facility, and were annealed together, creating a double stranded insert flanked by BspEI and XhoI overhangs. The sequences for the oligonucleotides are as follows: top strand: 5'-CCGGAAGCCCGAAAA AAAAACGCAAAGTGGAATC-3' and bottom strand: 5' TCGAGATTCCACTTTGCGTTTTTTTTTCGG GCTT-3'. The annealed oligonucleotides were ligated into a digested EGFP-ERLBD vector. Similarly, the NES from mitogen activated protein kinase kinase (MAPKK) was cloned between BspE1 and XhoI to form EGFP-NES-ERLBD. The oligos were synthesized as follows: top strand: 5'-CCGGACTGCAGAAAAAACTGGAAGAACTG GAACTGTC-3' and bottom strand: 5'-TCGAGA CAGTTCCAGTTCTTCCAGTTTTTTCTGCAGT-3'. In addition, the EGFP-ERLBD-CCmut3 was constructed by amplifying the DNA encoding ERLBD by polymerase chain reaction, using the primers 5′-GGATCACTCTC GGCATGG-3′ and 5′-GCGCGCGCGCTCCGGAGCTA GTGGGCGCATGTAGG-3′ followed with BspEI digestion. This was subcloned into the BspEI restriction enzyme site in our published EGFP-CCmut3 plasmid (8) .
Transient Transfections
For microscopy studies, cells were plated on a clear cover glass in six well plates (Greiner Bio-One Cellstar, Monroe, NC) or live cell chambers (Nalg Nunc, Rochester, NY) with corresponding media the day before transfection. For western blot, cells were plated in 60 mm dishes (Corning Inc., Corning, NY). Transfections were performed with Lipofectamine 2000 (Invitrogen) per manufacturer's recommendations. K562 cells were transfected according to the Cell Line Nucleofector Kit V Protocol (program T-013) using the Amaxa Nucleofector II (Lonza Group, Basel, Switzerland).
Microscopy and Image Analysis
Approximately 16 to 24 h after transfection, cells were viewed on an Olympus IX701F inverted fluorescence microscope (Scientific Instrument Company, Aurora, CO) as previously described (33) . To quantitate protein location, the fluorescent images obtained were analyzed using analy-SIS® software (Soft Imaging System, Lakewood, CO) as previously described (4) . To obtain average cytoplasmic intensity data for all constructs, 10 representative cells from each experiment were analyzed and averaged from 3 separate experiments (n03), and are expressed as percent cytoplasmic intensity. Statistical differences between the constructs were determined using one-way ANOVA with Tukey's post-hoc test.
Western Blot
Approximately 24 h after transfection, cells were treated as indicated, briefly rinsed with PBS, removed from the dish by trypsinization, then centrifuged at 500 × g for 5 min. Cell lysis and subcellular fractionation were carried out with the Subcellular Protein Fractionation Kit (Thermo Scientific). Cytoplasmic and cytoskeletal fractions were separated on a Novex Bis-Tris 10% gel (Invitrogen), transferred to PVDF membrane by iBlot (Invitrogen). Blocking was accomplished with Blocker BLOTTO (Thermo Scientific, Rockford, IL). Primary antibodies were diluted in Blocker BSA 2% (Thermo Scientific) in TBST. For detection of cytokeratin 18, a rabbit polyclonal to cytokeratin 18 (Abcam ab52948, Cambridge, MA) was used, diluted to 1:10,000. For detection of GFP, rabbit polyclonal Anti-GFP (Sigma Aldrich G1544) was diluted to 1 μl/mL. Loading control anti-GAPDH (Cell Signaling #5174, Danvers, MA) was diluted to 1:1000. Secondary anti-rabbit IgG conjugated to horseradish peroxidase (Cell Signaling #7074) was diluted 1:2500 in BSA 2% in TBST. To produce chemiluminescence, the SuperSignal West Pico Chemiluminescent substrate (Thermo Scientific) was incubated on the membrane. Western images were acquired with FluorChem FC2 imaging station with AlphaView Software (AlphaInnotech, San Leandro, CA).
Indirect Immunofluorescence
Approximately 24 h after transfection, MCF-7 cells were treated with drug or vehicle for 1 h, and then rinsed briefly with ice-cold PBS. Cells were fixed with 4% paraformaldehyde solution for 15 min at room temperature, and then washed twice with ice-cold PBS. Cell membranes were permeabilized with 0.5% Triton X-100 in PBS for 10 min, and then washed with PBS three times for 5 min each. Blocking was done with BLOTTO for 1 h. Primary antibody against CK18 was diluted 1:500 in 5% BSA in PBS, and then incubated with cells for 1 h at room temperature. Cells were washed x 3 with PBS for five minutes. Goat anti-rabbit secondary antibody conjugated to Texas Red (Abcam ab6719) was diluted 1:500 in BLOTTO and incubated with cells for 1 h at room temperature. Excess antibody was removed by washing x 3 for 5 min. Cover slips were mounted to glass slides with Fluoromount G (Electron Microscopy Sciences, Hatfield, PA). Fixed slides were viewed with an Olympus IX81 FV1000-XY confocal microscope (Imaging Core Facility, University of Utah) with a 60X objective and 3.0x digital zoom as previously described (8) . Excitation and emission filters for EGFP and Texas Red were 488 nm excitation, 500-530 nm emission filter, and 543 excitation, 555-655 nm emission filter, respectively. To account for variations in expression of EGFP, the exposure settings and laser gain of each channel were kept below detected pixel saturation for each cell. Olympus FluoView software was used to capture images; ImageJ (http://rsb.info. nih.gov/ij) was used for image analysis. Prior to statistical analysis, cell images were corrected for background noise. Identical regions of interest (ROIs) were created around whole cells for each fluorophore, and these ROIs were compared using JACoP colocalization plugin to estimate Costes' colocalization coefficient (34, 35) . To better visualize colocalization, the Colocalization ColorMap plugin was used (36) .
7AAD Assay
K562 cells were stained with 7-aminoactinomycin D (7-AAD, Invitrogen) according to manufacturer's instructions 48 and 72 h after transfection. The samples were analyzed using the FACSCanto-II (BD-BioSciences, University of Utah Core Facility) with FACSDiva software. Only transfected cells were analyzed by gating for EGFP positive cells. EGFP and 7-AAD were excited with the 488 nm laser, and were detected at 507 nm and 660 nm, respectively. Each construct was assayed three times (n03). The means of each group were compared by ANOVA with Tukey's post-hoc test.
RESULTS
Subcellular Localization
Three protein constructs were constructed and transiently transfected into various cell lines. Figure 1 shows the results from microscopy of these cells. The first construct tested was EGFP-ERLBD, a truncation of the human ERα consisting of amino-acids 302-595. This region of the receptor is responsible for ligand binding and transactivation, but lacks the domains capable of interacting with DNA. The result is a construct that takes on whole-cell localization when viewed by fluorescence microscopy in the presence of ethanol (vehicle), but in the presence of fulvestrant takes on a punctate staining pattern. The basal localization is in contrast to full-length receptor that localizes exclusively in the nucleus, and only appears in the cytoplasm after fulvestrant addition (14) . This distribution was visualized in murine breast adenocarcinoma cell line 1471.1, human breast adenocarcinoma MCF-7 cells, human cervical carcinoma HeLa cells, and monkey kidney fibroblast COS-7 cells.
To test the ability to control the subcellular localization of the construct in these cell lines, we then fused a nuclear export signal from the mitogen activating protein kinase kinase (MAPKK) "NES-ERLBD", or a classical monopartite nuclear localization signal from the SV40 large-T antigen "NLS-ERLBD" (Fig. 2) . The results demonstrate an ability to predetermine the subcellular compartment of an introduced protein. The NES excludes the introduced protein from the nucleus (Fig. 2, left half) , with or without the presence of fulvestrant, and the NLS robustly directs the protein into the nucleus (Fig. 2, right half) .
Quantification of the amount of fluorescence of each construct in the cytoplasm in 1471.1 cells was done Fig. 1 Representative fluorescence microscopy images of cells from multiple cell types (1471.1, MCF-7, HeLa, or COS-7 cells) transfected with EGFP-ERLBD. Cells were treated with EtOH (ethanol, left) or fulvestrant (ICI, right) 100 nM for 1 h. With EtOH treatment, the protein can be seen as having a whole-cell distribution. When treated with fulvestrant, the protein was seen in dense punctate clusters, in both the cytoplasm and nucleus. (Fig. 3a) . ERLBD was found to have 36.7%±2.2 cytoplasmic fluorescence, NES-ERLBD had 54.5%±1.5, and NLS-ERLBD had 20.9%±2.7. Compared to ERLBD, NES and NLS constructs were significantly different, with p-value< 0.001. Figure 3b shows the fluorescence from a region within the cell before and after drug addition, demonstrating the displacement of proteins to aggregates. Figure 3c shows the change, in percent, of this movement. The negative value signifies the loss of fluorescence in a defined region of interest as the protein translocates away from the region to insoluble punctate dots. Only ERLBD and NLS-ERLBD showed high protein displacement after fulvestrant addition (>80%). Nevertheless, NES-ERLBD does show a change in the cytoplasmic pattern, going from a dispersed to a punctate pattern, but no overall displacement of fluorescence intensity in that region. Fig. 2 The inclusion of signals sequences changes the distribution of ERLBD across multiple cell types (1471.1, MCF-7, HeLa, or COS-7 cells). A nuclear export signal fused to EGFP-ERLBD (left) shows a more prominent cytoplasmic distribution with or without treatment with fulvestrant 100 nM for 1 h. A nuclear localization signal (right) clearly demonstrates a pronounced nuclear accumulation with or without fulvestrant. In both cases, a change to punctate clusters occurs in the presence of fulvestrant in their respective subcellular compartment (nucleus or cytoplasm). 
ERLBD Localization by Fractionation
It has been proposed that the distribution change of ER when bound to fulvestrant is due to an interaction with cytoskeletal cytokeratins (19) . To examine this possible interaction, microscopy and subcellular fractionation of a cytokeratin-negative cell line A2780 was compared to cytokeratin positive MCF-7 cells. Microscopy of A2780 (Fig. 4a) reveals the same pattern of cytoplasm-to-punctate pattern seen in other cell lines transfected with EGFP-ERLBD in the presence of fulvestrant. Subcellular fractionation of untransfected (naked DNA only) versus transfected was performed to rule-out possible upregulation of cytokeratins by Lipofectamine reagent alone (Fig. 4b) . Lipofectamine transfection did not result in any upregulation of CKs 8/18 in cytoplasmic (CP) or cytoskeletal (CS) fractions (Fig. 4b , "Lipo +/−). MCF-7 cells are known to be cytokeratin positive, and these cells did demonstrate cytokeratins in both untransfected and transfected cells. Knowing the cytokeratin status of these cells, the subcellular fraction of EGFP-ERLBD was evaluated 1 h after ethanol (ICI -) or fulvestrant 100 nM (ICI +) treatment conditions (Fig. 4c) . In both A2780 and MCF-7 cells, EGFP-ERLBD resided in the cytoplasm (Fig. 4c, CP, -) when induced with vehicle. However, fulvestrant induced a change in subcellular location to the cytoskeleton (Fig. 4c, CS, +) . Hence we conclude that the cytokeratin status does not affect the subcellular location of EGFP-ERLBD bound to fulvestrant.
Cytokeratin 18/ERLBD Colocalization
To further assess the interaction of the ERLBD truncation with cytokeratins, indirect immunofluorescence of CK18 (red channel) on fixed MCF-7 cells transiently transfected with ERLBD (green channel) was performed. A single plane of each cell was captured in both red and green channels (Fig. 5) . The distribution of ERLBD was similar to that seen in Fig. 1 , with whole-cell distribution after ethanol treatment, and punctate distribution after fulvestrant treatment Fig. 5a , top and bottom panels). CK18 as visualized by indirect immunofluorescence revealed a typical cytoskeletal interconnected filament pattern (Fig. 5b, top and bottom  panels) . The images were pseudocolored with red or green, and merged to visualize colocalization. The merged images revealed little yellow color-which denotes overlapping fluorescence in the red and green channels, so a Colocalization Colormap plugin was utilized in ImageJ to better visualize truly overlapping pixels, and JACoP plugin was used to quantify the colocalization by the Costes' coefficient, which quantifies the colocalization of two fluorophores by statistically correlating the overlap and pixel intensity of each color (35) . The Costes' coefficient predicts colocalized fluorophores for values over 0.5. High degrees of pixel intensity overlap are depicted in the colormap by red and brown colors, where low degrees of overlap are depicted as blue and green (Fig. 5d , top and bottom panels). ERLBD treated with ethanol had a Costes' coefficient of 0.38±0.05; whereas with fulvestrant treatment yielded a coefficient of 0.089± 0.03. Neither treatment condition suggests a significant colocalization of the ERLBD with cytokeratin 18.
Induced Sequestration of ERLBD-Bearing Protein
To test the ability of ERLBD to control a protein's localization, and therefore function, we subcloned a mutated coiled-coil (CCmut3) motif from Bcr-Abl previously developed in our lab (8) . When introduced into Bcr-Abl positive CML cells, this coiled-coil disrupts signaling by Bcr-Abl and induces apoptosis. We hypothesized that ERLBD-CCmut3, when bound to fulvestrant, would cause sequestration of CCmut3 thereby preventing the disruption of Bcr-Abl signaling and nullifying its apoptotic response. Microscopy studies reveal that fulvestrant does indeed sequester ERLBDCCmut3 similarly to ERLBD alone in K562 cells, whereas ER agonist estradiol and partial agonist tamoxifen did not induce protein translocation (Fig. 6a) . To test the decrease in apoptotic potential of ERLBD-CCmut3 sequestered by fulvestrant, flow cytometry with 7AAD staining was performed. Bcr-Abl positive K562 CML cells were transfected with EGFP, EGFP-ERLBD, or EGFP-ERLBD-CCmut3. These cells were treated with ethanol or fulvestrant at escalating doses for 48 and 72 h; untransfected cells were treated with Gleevec® as a positive control (Fig. 6b) . EGFP with or without fulvestrant demonstrated low 7AAD staining, with 2.2%±0.4 and 1.8%±0.4 respectively. EGFP-ERLBD trended toward higher 7AAD staining, though not statistically significant with either ethanol or fulvestrant treatment: 5.7%±1.9, and 5.7% ±0.8, respectively. The construct with CCmut3 significantly increased 7AAD staining compared to EGFP as expected due to disruption of Bcr-Abl signaling, but only when treated with ethanol (vehicle), 12.2%±1.7, p<0.001. When treated with fulvestrant, the sequestration of CCmut3 allowed Bcr-Abl to continue its proliferative effects, with decreased apoptosis as measured by 7AAD to 5.8%±0.8 (significantly different from ethanol treatment, p<0.01). The results were consistent at 48 (data not shown) and 72 h of treatment. Fulvestrant was also tested at higher doses (400 nM and 800 nM), though these were not significantly different from 100 nM (data not shown).
DISCUSSION
Our lab has previously had success in creating novel "protein switches" capable of ligand-dependent subcellular translocation of exogenous proteins. To our knowledge, this is the first paper to describe harnessing the ligand-inducible translocation of the estrogen receptor ligand-binding domain (ERLBD) to generate a protein switch capable of controlled movement from the cytoplasm, and/or nucleus to the insoluble cytoskeletal fraction. This controlled translocation is accomplished when the LBD binds the synthetic antagonist fulvestrant. The estrogen receptor (ER) is a protein that typically resides in the nucleus, but when bound to the SERD fulvestrant, is found in insoluble clusters in both the nucleus and cytoplasm (14, 15) . Here, we showed that removing the ligand-binding domain (LBD) from the full-length receptor still responds to fulvestrant, but that its localization can be controlled by the lack-of or inclusion-of signal sequences. Microscopy studies revealed that the inclusion of a nuclear localization signal (NLS) directed the protein to the nucleus before ligand, and maintained the nuclear location while forming insoluble aggregates upon ligand addition. Similarly, fusing a nuclear export signal (NES) to the LBD directed the protein to the cytoplasm. This control of protein localization was demonstrated in a wide array of cell types, including those with or without cytokeratins 8 and 18, and cancer or non-cancer types. Previously, the response of the ER to fulvestrant was attributed to its interaction with cytokeratins 8 and 18 in both the cytoplasm and the nucleus (19) , and this was also claimed to be an intermediate step toward proteasomal degradation when bound to ligand (13, 19) . Our subcellular fractionation in MCF-7 cells (cytokeratin 8 and 18 positive) and A2780 (cytokeratin 8 and 18 negative) showed that the ERLBD fusion protein is capable of translocation from the cytoplasm to the insoluble cytoskeletal fraction regardless of cytokeratin status. Confocal microscopy confirmed that colocalization of ERLBD with cytokeratins was minimal, and played no role. Perhaps in other studies, localization to CK 8 and 18 may be mediated by other domains of the ER not present in our ERLBD constructs.
The utility of this controlled localization was demonstrated by fusing the ERLBD protein to a functional peptide (CCmut3) that had previously been shown to bind to and disrupt Bcr-Abl signaling in K562 cells and induce apoptosis (8) . We hypothesized that after fulvestrant addition, ERLBDCCmut3 protein would translocate away from Bcr-Abl to insoluble clusters, and would relieve the Bcr-Abl signaling inhibition. Indeed, despite the fact that CCmut3 interacts with Bcr-Abl, microscopy studies corroborated that ERLBDCCmut3 formed insoluble clusters with the addition of fulvestrant, indicating ligand-inducible controlled localization of CCmut3. Lastly, ERLBD-CCmut3 showed apoptosis without fulvestrant, but a significant drop in apoptosis when bound to drug, confirming our hypothesis of location altering function. This technology has the potential to be used as a controlled tool to test and verify synthetic exogenous protein or peptide function, as demonstrated here, but may also be useful to induce an in trans sequestration of an endogenous protein target. Any protein binding domain can easily be cloned into an ERLBD vector, thus allowing a large variety of potential cellular targets, in multiple cell types.
